In HIV-infected individuals on long-term antiretroviral therapy (ART), more than 40% of the infected cells are in clones. Although most HIV proviruses present in individuals on longterm ART are defective, including those in clonally expanded cells, there is increasing evidence that clones carrying replication-competent proviruses are common in patients on long-term ART and form part of the HIV reservoir that makes it impossible to cure HIV infection with current ART alone. Given the importance of clonal expansion in HIV persistence, we determined how soon after HIV acquisition infected clones can grow large enough to be detected (clones larger than ca. 1 × 10 5 cells). We studied 12 individuals sampled in early HIV infection (Fiebig stage III-V/VI) and 5 who were chronically infected. The recently infected individuals were started on ART at or near the time of diagnosis. We isolated more than 6,500 independent integration sites from peripheral blood mononuclear cells before ART was initiated and after 0.5-18 years of suppressive ART. Some infected clones could be detected approximately 4 weeks after HIV infection and some of these clones persisted for years. The results help to explain how the reservoir is established early and persists for years.
Introduction
Although successful antiretroviral therapy (ART) does not cure HIV infection, it effectively inhibits viral replication, the progressive loss of CD4 + cells, and the development of AIDS in most infected individuals. There is still some debate about whether HIV persists in treated individuals because of low levels of ongoing replication. For example, it has been suggested (1) that there is ongoing replication in treated individuals; however, this paper has been challenged (2, 3) . Overall, the weight of the evidence strongly suggests that successful ART completely blocks HIV replication (4) (5) (6) (7) . The viral reservoir is maintained because viral genomes persist as integrated proviruses in long-lived infected cells. In individuals on long-term ART, most of the integrated proviruses (95%-98%) are defective (8, 9) . The intact, infectious proviruses that can rekindle infection in an ART-treated individual are collectively referred to as the HIV reservoir. Despite representing only a small fraction of the total viral DNA load (8, 10) , intact proviruses are sufficiently numerous to prevent eradication of the infection in nearly every patient tested to date. The first successful cure involved whole-body irradiation, 2 bone marrow transplants, and transplantation of bone marrow from a homozygous delta32 CCR5 donor naturally resistant to HIV infection (11) . More recently, a second individual appears to have been cured through an allogeneic stem cell transplant from a delta32 CCR5 homozygote donor (12) . However, other HIV-infected patients who have undergone allogeneic stem cell transplantation have died or suffered a relapse of their HIV infection, suggesting that the reservoir is large enough that eliminating it completely will be very difficult (13) (14) (15) (16) . It also appears, based in part on studies done with SIV-infected macaques and the earliest treated HIV-infected humans, that the reservoir is established rapidly (within the first few days following the initial infection) (17) (18) (19) , and that, after a fairly rapid initial decline following the initiation of long-term ART, the size of the reservoir diminishes only very slowly, if at all, over the lifetime of infected individuals (20, 21) .
In HIV-infected individuals on long-term antiretroviral therapy (ART), more than 40% of the infected cells are in clones. Although most HIV proviruses present in individuals on long-term ART are defective, including those in clonally expanded cells, there is increasing evidence that clones carrying replication-competent proviruses are common in patients on long-term ART and form part of the HIV reservoir that makes it impossible to cure HIV infection with current ART alone. Given the importance of clonal expansion in HIV persistence, we determined how soon after HIV acquisition infected clones can grow large enough to be detected (clones larger than ca. 1 × 10 5 cells). We studied 12 individuals sampled in early HIV infection (Fiebig stage III-V/VI) and 5 who were chronically infected. The recently infected individuals were started on ART at or near the time of diagnosis. We isolated more than 6,500 independent integration sites from peripheral blood mononuclear cells before ART was initiated and after 0.5-18 years of suppressive ART. Some infected clones could be detected approximately 4 weeks after HIV infection and some of these clones persisted for years. The results help to explain how the reservoir is established early and persists for years.
This last result would appear to be at odds with the fact that, in people who are not on ART, most HIV-infected cells live only about a day, due to effects of the viral infection, recognition of infected cells by the host's immune system, or both (22, 23) . However, a fraction of infected cells (including some that carry infectious proviruses) survive long term. We suggest that most of the cells that survive enter a poorly defined state of latency and make little or no viral RNA or protein, allowing them to survive long term (19) ; however, it has also been suggested that some of cells that carry infectious proviruses are intrinsically resistant to killing by CD8 + cells (24) . It is generally thought that a significant fraction of the cells that constitute the reservoir are CD4 + T cells, particularly central memory T cells. Because it is the long-lived cells that carry infectious proviruses that constitute the reservoir, it is important to understand how these cells are generated and maintained.
We and others have shown that, in infected individuals on long-term ART, a significant fraction of the HIV-infected cells have expanded into clones that were detected because the integration sites of their proviruses are identical (25, 26) . Although it has been suggested that only cells that carry defective proviruses can clonally expand (27) , Simonetti et al. (28) showed that a large clone of cells carrying an infectious provirus (called AMBI-1 and estimated to comprise ca. 1 × 10 7 cells) was present in one patient, and that virus produced by this clone was present at readily detectable levels in his blood (at ca. 150 HIV RNA copies per mL) at multiple time points. Production of low levels of virus from large clones of cells infected with intact infectious proviruses could account for at least some of the reports that there are patients who have low levels of virus in the blood that are not affected by treatment intensification (4, 29, 30) . Additional data showing that there are intact proviruses in clonally expanded cells was recently reported by Einkauf et al. (31) . These data show that clonally expanded cells can be an important part of the reservoir; however, that raises the question of how such clones are able to survive and expand. Further analysis showed that only a small fraction (2%-3%) of the cells in the AMBI-1 clone were making viral RNA at any one time, implying that only a small fraction of the cells in the clone could have been producing viral protein at any one time (28) . In samples taken from other HIV-infected individuals, a similarly small fraction of the cells in clones that carry either obviously defective or apparently intact (and potentially infectious) proviruses express viral RNA (19) . These observations suggest that infected clones are able to survive and expand because the majority of cells do not express viral RNA or protein. Because the half-life of productively infected cells is only about 1 day (23), the presence of detectable levels of AMBI-1 virus in the blood of this patient for at least 3 years implies a mechanism by which small numbers of virus-producing cells were constantly being generated from their much more numerous clonal siblings whose proviruses were transcriptionally silent.
Because AMBI-1 is a single clone, found in a single patient, it is not yet clear how many other patients also have similar large clones that carry infectious proviruses. However, several groups (3, 19, 32, 33) used viral outgrowth assays to show that patients on long-term ART commonly contain multiple cells that can produce identical infectious viruses. Although it has not been conclusively demonstrated that the cells that produced the identical viruses clonally expanded from a single infected cell, that is the likely explanation. Thus, we favor the idea that, not only are there infected cells that have clonally expanded in patients, but also that clonally expanded cells make up a significant part (perhaps all) of the reservoir that makes it impossible to cure HIV infection with current ART alone. Clonal expansion of infected cells would explain how the reservoir remains relatively stable for long periods of time. If some of the cells in a clone that carry an infectious provirus die, the dead cells could be replaced by the proliferation of other cells in the clone. In addition, if some clones were to diminish in size during long-term treatment, it is also possible that other clones could increase in size, preserving an approximately constant steady-state level of infectious proviral DNA. It is also likely that the same processes responsible for T cell maintenance and expansion account for most of the clonal expansion and persistence of the infected cells.
If clonally expanded cells make up a significant fraction of the reservoir, then we would expect that clones of infected cells would begin to arise at the time the reservoir is first formed. The frequency at which long-lived infected cells are generated in vivo is unknown, but, given the large number of cells that are infected and die each day (23) , the fraction is likely to be quite low, and, at least at early times after the initial infection, the abundance of the long-lived cells will increase relative to the short-lived productively infected cells. To test this idea, we obtained peripheral blood mononuclear cells (PBMCs) from individuals who had been infected with HIV for varying periods of time. In most cases, infected individuals do not know the exact date when they were infected. It is, however, possible to estimate the time that has elapsed after the initial infection using Fiebig staging, which depends on the fact that it is possible to detect viral RNA and proteins in the blood of an infected individual before there is a detectable immune response, and that, in most cases, the humoral immune response to several of the viral proteins occurs in a particular temporal order (34) . There is a brief eclipse period before viral RNA can first be detected in the blood (perhaps a week), and then the first 4 Fiebig stages arise over a period of about a month. Thus, the Fiebig III-IV stages are estimated to be approximately 3 to 4 weeks after the initial infection. Fiebig V lasts from about 4 weeks to about 3 months.
In the present study, we show that clones are formed within the first few weeks after the initial infection, that clonal expansion of infected cells can be detected as early as the end of Fiebig IV/beginning of Fiebig V, and that clones created early in infection can persist for at least 3.7 years of suppressive ART.
Results
Participants and sampling. We analyzed samples from 3 groups of HIV-infected participants who were diagnosed at various stages of infection ( Table 1 ). The first group (group 1) comprised 7 individuals from the UNC-Duke AHI Cohort/CHAVI project and one from the University of Pittsburgh Acute Infection protocol. Two of the participants were determined to be in Fiebig III, one in Fiebig IV, one on the cusp between Fiebig IV and V, and 3 in Fiebig V at the time of first sampling. The second group (group 2) included 5 participants enrolled in AVBIO1, AVBIO2, and IDFU studies of antiretroviral therapy at NIH who initiated ART somewhat later after the initial infection. Four of these donors were diagnosed in Fiebig V, and one was diagnosed in Fiebig VI. The third group of donors (group 3) was also from the NIH and included 5 individuals who had been infected for long periods of time (up to 14.8 years) before initiating ART. In terms of determining when clones of infected cells can grow large enough for us to detect them, the first 2 groups are the most important; the third group served as a control that allowed us to estimate how much more difficult it was to identify clones when there is a large background of recently infected cells that are present in untreated donors. The donors in the first 2 groups were separated based on the time from infection to when ART was initiated, when the initial samples were obtained, and approximately how long the donors were on ART before the last on-ART sample was obtained. In all 3 groups, plasma and PBMC samples were collected and analyzed to determine (25) .
the levels of cell-free HIV RNA and cell-associated HIV DNA both before ART was initiated and after they had been on ART for 2.7-17.8 years. We obtained additional longitudinal samples on ART from some of the donors in group 1.
With one exception, the pre-ART PBMC samples used for integration site analysis, single-genome sequencing (SGS), and viral DNA loads were taken from the group 1 and 2 donors at the same time as Fiebig staging. In the one case, identified as Fiebig IV/V, the sample used for SGS and integration site analysis was taken 2 weeks after an initial sampling identified the individual as being Fiebig IV; thus, this individual could have progressed to early Fiebig V by the time the second sample was taken. In all group 1 participants viremia was fully suppressed on ART, and, with one exception, all were fully suppressed (<50 copies HIV RNA/mL) at the intermediate times as well. On-ART samples were obtained from the group 1 donors at various times from 0.9 to 3.7 years.
Plasma and PBMC samples were obtained from the donors in group 2 at the time of Fiebig staging (with 2 exceptions, denoted as "V/VI" in Table 1 , who were sampled about 2 months and 1 month following staging) and during ART. On average, participants in group 2 had been on ART for a longer period of time than those in group 1 (median 16.6 years at the time of sampling). Group 3 included 5 individuals who had been infected for long periods (up to 14.8 years) before initiating ART. We analyzed samples taken before these individuals initiated ART and after they had been on ART for up to 16.3 years.
The donors in group 1 were, with one exception, well suppressed. Donor CH 083-1 had a brief treatment interruption, during which viremia rebounded. In group 2, IDFU-192 had a treatment interruption, but had been fully suppressed for more than 9 years when the on-ART sample was taken. IDFU-194 had one very small blip early in the treatment period. AVBIO2-04 was poorly controlled early in the course of treatment but was well suppressed for more than 10 years. AVBIO2-14 and AVBIO2-23 had low-level blips early in the course of their treatment but were well suppressed for more than 10 years, and more than 8 years, respectively. In group 3, AVBIO2-08, AVBIO1-18, and AVBIO2-03 each had one minor blip before the on-ART samples were taken. AVBIO1-102 had one blip early in therapy but after that was suppressed below the limit of detection (LOD) until the on-ART sample was taken. However, all of the donors were well suppressed at the times on-ART samples were obtained, except AVBIO2-21, who had HIV RNA of 828 copies/mL when the last on-ART sample was taken.
Levels of viremia and infected cells on ART. Plasma HIV RNA and PBMC HIV DNA levels were measured in the samples from all donors (Tables 1, 2, and 3). As expected, all donors exhibited a large reduction in the amount of viral RNA (Table 1) and DNA (Tables 2, 3 , and 4) on ART. Viral DNA values in the samples taken at the last time point on ART, compared to the pretherapy samples, are summarized in Table 5 and Figure 1A . The decline in viral DNA was greater in the donors treated in early infection than in those treated at later stages ( Figure 1A ). The total decline of the viral DNA in PBMCs averaged about 360-fold for the Fiebig III donors, about 50-to 70-fold for the Fiebig IV-V donors, and about 11-fold for the chronic donors ( Figure 1A and Table  5 ). However, there were considerable differences in the plasma viral RNA and cellular DNA levels among the individual donors (both before and after ART) with no obvious correlation with Fiebig stage at which the individuals were diagnosed or initiated ART. Nonetheless, in all cases, the decrease in the viral DNA in the group 1 and 2 donors who initiated ART soon after they were infected was significantly greater (paired log ratio test P < 0.001) when compared with the decrease in viral DNA load in the donors who initiated ART during chronic infection (group 3, see Table 5 ), as has been reported previously (17, 35, 36) .
No evidence of HIV replication in the donors on ART. The decline in plasma viral RNA levels on ART to values below the LOD (with one exception) is consistent with an absence of significant viral replication after these individuals initiated ART (4, 6, 7). However, it has been claimed that the level of viral replication in sanctuary sites during ART, such as the lymph nodes, is sufficient to lead to detectable evolution in the sequences of the proviruses in PBMCs (1). This proposal is controversial and has been challenged by us and others (2, 3). Because we were specifically interested in determining the contribution of clonal expansion of infected cells to the generation and maintenance of the reservoir, we used SGS to look for evidence of sequence evolution (which would imply ongoing virus replication) in the proviral DNA in 5 of the individuals in group 1. The advantage of doing evolutionary analysis on proviral DNA from individuals who initiated ART shortly after they were infected is that, if they were infected by a single virion, as is usually the case, their HIV genomes should have low sequence diversity at the time ART is initiated (4, 37). Thus, if there was enough viral replication to allow the virus to evolve, it should be relatively easy to detect changes in the sequences of the HIV proviruses in these individuals over time. As shown in Figure 2 , the populations of proviruses present in all of the Fiebig III-V donors we tested were nearly homogeneous, as expected, providing no evidence of evolution in the sequences of the HIV proviruses in the 5 individuals in group 1 who were on ART continuously for periods of 2.8 to 3.7 years. This result implies that, if there was any viral replication in these individuals while they were on ART, it must have either been at a very low level or it occurred only in sites that did not communicate with the blood.
Clonal expansion of HIV-infected cells. We used the methods described in Maldarelli et al. (25) to determine and analyze the sites of proviral DNA integration in PBMC samples taken from the donors both before ART and on ART. As expected, there was a correlation between the viral DNA copy number and the number of integration sites we recovered (Tables 2 and 3 and Supplemental Figure 1 ; R 2 = 0.8; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.128432DS1). We were particularly interested in determining how soon after infection clonal expansion of HIV-infected cells could be detected in samples taken before ART was initiated. In the integration site assay, clonal expansion is measured by the number of different DNA breakpoints associated with specific integration sites (38) . However, as explained more fully in the Discussion, there are important differences in the way we interpreted the breakpoint data from samples obtained from pre-ART and on-ART donors. In an untreated individual, integrated viral DNA can be either in recently infected cells that are producing viral proteins and are destined to die within a few days, or in cells that carry highly defective or latent proviruses, most of which do not express viral proteins (22) . Some of the latter cells can survive and divide for many years (35, 39) . Therefore, in samples taken from untreated individuals, much of the viral DNA is in newly infected cells, which create a background that makes it more difficult to use integration site analysis to detect clonally expanded cells. Because HIV preferentially infects dividing cells, there are likely to be infected cells present that have replicated their DNA (including integrated viral DNA) but have not yet divided and are destined to die soon. In an individual who has been on therapy for years, most provirus-containing cells that are dividing are not making viral RNA (19) . The dividing cells that are not making viral RNA are not about to die and are almost certainly members of a clone. As a consequence, if we recover the same end of a provirus from an on-ART sample with 2 (or more) different-sized host DNA fragments (2 or more breakpoints), we can safely conclude that the integration site is in a clone. In contrast, in samples taken from untreated donors, although integration sites with 2 breakpoints may have come from a clone, we cannot safely conclude that we have identified a clone unless we isolate the same integration site with 3 or more breakpoints, or from at least 2 independently analyzed samples taken from the same individual. Thus, the integration site data, and the clone counts, will not be strictly comparable in samples taken from pre-ART and on-ART donors, and for that reason, the pre-ART and the on-ART data for groups 1 and 2 are presented in different tables. Because some or all of the integration sites with 2 breakpoints obtained from samples from untreated donors may not derive from clones of infected cells, such data are presented in Tables 2-5 as "integration sites with more than one breakpoint" and in Figure 1C by green circles. For comparison to the early infection samples, we analyzed the integration sites from 5 individuals who had been infected for long periods of time (up to 14.8 years) before initiating ART (group 3, Table 4 ). We obtained integration sites from samples taken before these individuals initiated ART and after they had been on ART for up to 16.3 years. Table 2 shows the pre-ART integration site data from the donors in groups 1 and 2. We were able to confirm the presence of infected cells that had clonally expanded in some, but not all, of the pre-ART samples from group 1. Clones were identified in 3 of the 4 pre-ART samples from the Fiebig IV/V and V donors. There were a number of integration sites with 2 breakpoints in samples from the 3 Fiebig III and IV donors; however, we did not detect any confirmed clones in these samples. Although the number of clones we identified in the group 1 pre-ART samples was small, there was a statistically significant difference (P = 0.0002) in the frequency of confirmed clones between the Fiebig III-IV and IV/V-VI donors; the frequency of sites with 1 or more breakpoints was not significantly different among the groups (Table 5 and Figure 1C ; compare green circles to purple circles). The data are consistent with there being an interval of approximately 4 weeks between the initial infection and the most rapidly expanding clones reaching a size that we can unambiguously detect.
In addition to 1 pre-ART and 1 on-ART PBMC sample, we obtained 1 or 2 intermediate on-ART PBMC samples from all but one of the infected individuals in group 1 ( Table 2, Supplemental Table 1A , and Supplemental Table 2 ). The intermediate and final on-ART data were combined for all subsequent analyses. As noted earlier, the viral DNA levels were much lower in the on-ART samples, reflecting the loss of most of the recently infected cells, and, as a consequence, we obtained fewer integration sites. Despite having fewer integration sites from the on-ART than the pre-ART samples, the fraction of the integration sites that were shown to be in clones was significantly higher in the on-ART than in the pre-ART samples (P < 0.001; Table  5 ), independent of the Fiebig stage at which ART was initiated. Notably, the fraction of integration sites that were shown to be in clones (ca. 0.1) was not significantly different for the on-ART samples from the Fiebig III individuals compared to the samples from all the later groups ( Figure 1C , orange squares; P > 0.6). This result is consistent with the conclusion that, although the time between infection and acquisition of the pre-ART sample in the Fiebig III-IV individuals was apparently too short for the clones to grow large enough to be unambiguously detected, small clones were present and continued to grow after the initiation of ART blocked viral replication. This idea is strongly supported by the fact that a number of the clones that were detected in the pre-ART samples taken from the Fiebig IV/V-V individuals were also detected in samples taken at later time points (Table 2 , last column, and Supplemental Table 1 ). This result shows that PBMCs infected in the first few weeks of infection can form clones rapidly and that some of the clones that arise early can persist for years. Broadly speaking, the group 2 pre-ART samples had a lower level of viral DNA and we did not recover as many integration sites from the group 2 pre-ART samples as we did from the group 1 pre-ART samples (Table 2) . However, probably because the numbers of integration sites we recovered was small, the difference in the number of recovered integration sites was not statistically significant (P > 0.2). We analyzed samples from 4 of the group 2 individuals that were taken after they had been on suppressive ART for periods up to 17.8 years. Despite having relatively few integration sites from one of the on-ART samples, we identified clones of infected cells from the on-ART samples from all 5 of the group 2 donors (Table 3) . As was the case with the clonally expanded infected cells from group 1, these clones appear to have arisen from cells that were infected early and expanded until they became large enough that they were detected in on-ART samples collected years later. Unlike the infected clones in the Fiebig IV/V-V donors in group 1, none of the clones from the group 2 donors were detected in both the pre-ART and on-ART PBMCs, which likely reflects the small numbers of integration sites obtained.
In contrast to the acutely infected individuals (groups 1 and 2) in whom some of the clones of infected cells may have been expanding when the pre-ART samples were collected, in the individuals who had been infected for several years prior to ART initiation (group 3), most of the clones of infected cells were probably not still expanding rapidly. The fraction of the integration sites in clones, relative to the total number of integration sites recovered in the pre-ART samples (0.87%), was similar to the pre-ART samples from Fiebig IV/V-V (group 1b, 1.2%, P = 0.32) and somewhat greater than Fiebig V-VI (group 2, 0.07%, P = 0.014). Despite considerable patient-to-patient variation and the small number of clones identified, this similarity suggests that a number of the infected cells destined to expand into clones large enough to be detectable had already been infected, and the clones had already begun to expand, very soon after the initial infection. Moreover, the fraction of cells that were detected as being in clones in the on-ART samples from the individuals who started ART during chronic infection (8%) was similar to the fraction in clones in the on-ART samples in the 2 groups of participants who initiated ART much sooner (all around 6%) (P > 0.09; Table 5 ). These data strongly suggest that the large difference in the frequency at which clones were detected in the samples taken before ART and on ART is due to the presence in the pre-ART samples of large numbers of short-lived, recently infected cells. In pre-ART samples, the majority of the proviruses are in recently infected cells, which, as was noted earlier, creates a background that makes it more difficult to detect clones using integration site analysis. However, we did see clonally expanded cells in the pre-ART samples from 2 of the individuals who initiated treatment in chronic infection. All 3 of the clones that were detected before ART were also detected in the on-ART sample from the same donor. This observation is similar to what was observed in group 1, where 7 of the 11 clones identified in pre-ART samples from the Fiebig IV/V-V patients were also found in the on-ART samples (Supplemental Table 1 ). The similarity in the frequency at which clones were detected in the Fiebig IV/V-V samples and in the samples taken at later stages implies that the distribution in the sizes of the infected clones has reached approximately its final value in the first few months after infection.
Discussion
We and others have proposed that clonal expansion of HIV-infected cells plays an important role in the generation and maintenance of the reservoir that has made it impossible to cure HIV infection with ART alone. Nor will it be possible to eliminate the reservoir with any combination of antiretrovirals that suppress HIV replication by blocking new cycles of replication because this type of therapy has no effect on cells that are already infected (25, 26) . In some cases, clonally expanded cells can produce infectious virus and release it into the blood at levels that can readily be detected (28, 31) . The goal of the present study was to better understand the formation and persistence of clones of infected cells after initial infection. We have obtained similar results in an SIV-macaque model of HIV persistence (40); i.e., clones of SIV-infected cells appear within a few weeks of infection, some of which persist and expand for at least a year of suppressive ART. The similarity of these results and of the distribution of HIV integration sites in human cells and SIV integration sites in both macaque and human cells shows that the SIV/macaque model can be used in further studies of HIV clonal expansion and persistence.
We analyzed the integration sites in PBMC DNA in 2 groups of HIV-infected donors who initiated ART early after infection, ranging from Fiebig III-VI (ca. 20 days to several months) and compared the results with a group of donors who had been infected for years prior to initiating ART. Our results are summarized for the participants treated at different stages in Table 5 , and graphically in Figure 1 . We show that clones of infected cells can arise soon after HIV is acquired, and that, in a period of about 4 weeks, can grow large enough for us to detect (estimated to be >1 × 10 5 cells). Some of the clones that were detected in the first few weeks persisted for years in infected individuals (Supplemental Table 1 ).
To test whether there was significant ongoing viral replication during ART treatment, which would mean that some of the integrated DNA in the on-ART samples could have been from newly infected cells, we asked if there was any evidence of viral evolution in a subset of the donors in group 1. We used SGS to compare the pre-ART viral DNA sequences in PBMCs from 5 of the group 1 participants who did not have any treatment interruptions (Fiebig III to V) with samples taken after approximately 3-4 years of suppressive ART (Figure 2 ). The extremely low diversity of the viral DNA implied that all donors were initially infected with a single founder virus, which is the case in about 80% of infections (4, 37) . Further, there was no measurable divergence in the viral sequences during the period of suppression, consistent with our previous findings for children treated early in life (7), which shows there was very little or no viral replication on ART. Thus, the reservoir is generated and sustained by the clonal expansion and long-term survival of cells that were infected before ART was initiated. Because ART was initiated early in these donors, some or all of the cells that gave rise to the clones must have been infected either during, or very shortly after, the eclipse period following viral transmission. This conclusion is strongly supported by the observation that some of the clones of infected cells detected in the pre-ART samples were also detected after several years of suppressive ART (Supplemental Table 1 ).
As can be seen in Figure 1A , there was a significant reduction in the amount of total viral DNA in the on-ART samples compared to the pre-ART samples. The viral load dropped about 100-fold in the participants who initiated therapy during Fiebig III-IV, about 10-fold in the participants who initiated therapy during chronic infection, and by intermediate amounts in the Fiebig IV/V-VI donors. These data are consistent with prior reports based on a larger number of samples (17, 35, 36) , and reflect a reduction in the proportion of the total viral DNA present in recently infected, short-lived cells compared with the viral DNA in long-lived cells, which are generated less frequently and accumulate more slowly. As expected, there was a correlation between the amount of viral DNA present in the various samples and our ability to recover integration sites (Supplemental Figure 1) . As shown in Figure 1C , we were not able to unambiguously identify expanded clones of infected cells (<0.2% of total proviruses) in pre-ART samples taken from participants initially tested at Fiebig stage III or IV, but the fraction of infected cells that was confirmed to be in clones was approximately the same (about 1% of the total integration sites) in the pre-ART samples taken at all stages after Fiebig IV. However, in all of the samples taken after a year or more of suppressive ART, including the samples from individuals who initiated therapy in Fiebig III-IV, approximately the same fraction of infected cells was found in clones (ca. 5%-10%). This fraction is lower than what we reported in Maldarelli et al. (25) (about 40%) because, generally speaking, we analyzed fewer integration sites from the on-ART samples we report here, and our ability to detect clones depends on the number of integration sites we obtain from a sample. This result implies that cells that were infected at any time, relative to the initial infection of the host, have approximately the same potential for clonal expansion. The only difference is that, before early Fiebig V (approximately 4 weeks), infected clones do not have enough time to expand to a size large enough for us to determine unambiguously that they have clonally expanded. It would take approximately 16-17 cell divisions for a clone to grow to a size we can expect to detect (ca. 1 × 10 5 cells). The doubling time of activated CD4 + T cells in HIV-infected humans is not known. If the doubling time is approximately 1 day, it takes a little over 2 weeks for an infected cell to grow to a size we could detect. If the doubling time is 11 hours, as calculated in mice infected with lymphocytic choriomeningitis virus (LCMV) (41) , then clones could grow to visible size in a little over 1 week. This result is consistent with data that show that the reservoir is formed very early in both HIV-infected humans and SIV-infected macaques (17, 18, 42) .
In an untreated individual, integrated viral DNA can be either in recently infected cells that express viral proteins and are destined to die within 1 or 2 days, or in cells that carry defective or latent proviruses that may not express viral proteins. Some of those cells can survive and divide for many years. As our results show, the relative numbers of the different types of infected cells change with time, both off and on ART, as the numbers of new productively infected cells increase or decline. Cells with latent and defective proviruses accumulate by division as well as by new infection. In samples taken from untreated individuals, much of the viral DNA is in newly infected cells, creating a background that makes it more difficult to use integration site analysis to detect clonally expanded infected cells. Furthermore, although some of the proviruses detected by our assay with 2 breakpoints may be from clones of infected cells, they may also be from single cells that have replicated their DNA but not yet divided. HIV encodes a protein, Vpr, that specifically causes cell cycle arrest in the G2 stage. In cells infected in culture, Vpr leads to the accumulation of cells with 4n DNA content (22) . Although the extent of the G2 block and how long any G2-blocked cells survive in infected individuals are unclear, there is a real possibility that there could be newly infected cells that have replicated their DNA, including a newly integrated provirus, that will not go on to make clones in untreated individuals.
In contrast, if there are cells that have replicated their viral DNA in an individual who has been on ART for years, those cells are almost certainly members of a clone. As a consequence, in on-ART samples, if we recover the same end of a provirus 2 (or more) times, with different lengths of appended host DNA (2 or more different breakpoints), we can safely conclude that the integration site is from a clone. For that reason, in pre-ART samples, we only counted integration sites as coming from a clone if we isolated the integration site 3 or more times, or if an integration site that was found in a pre-ART sample was also present in at least one other sample taken from the same individual. Thus, the integration site data, and the clone counts, are not strictly comparable in samples taken from pre-ART and on-ART donors, and for that reason the pre-ART data and the on-ART data are presented in different tables and the proportions of integration sites with more than 1 breakpoint are shown by open bars in Figure 1C .
Using these strict rules, in pre-ART samples taken from donors at FIV/V or later, we were able to identify integration sites in clonally expanded cells. In contrast, none of the integration sites with 2 breakpoints in the samples taken at earlier Fiebig stages could be confirmed as being in clones. Given the small size of the samples assayed (ca. 1-5 million cells) relative to the total estimated number of CD4 + T cells (ca. 5 × 10 12 ) in the whole body, we can expect to reliably detect infected clones only after they have grown larger than 1 × 10 5 cells (see Methods) . Using what is the shortest estimated doubling time for CD4 + T cells in viral infection (about 11 hours), based on analyses of mice infected with LCMV (41), it would take an infected cell about 1 week to reach this size. Although additional analysis, involving more donors and samples taken at different time points, will be required to determine if there are rare, large clones of infected cells that arise earlier, we do know that there are some large clones present about 1 month after the initial infection, and that some of the clones that arise early can persist for years.
These results have important implications for strategies designed to control or eliminate the reservoir of infectious proviruses in a way that would allow infected individuals to go off ART. First, clonal expansion of infected cells explains why continuous and effective ART is not sufficient to cure an infected individual, and why modifying ART, either by adding additional antiviral drugs, or substituting more potent drugs, does not reduce or eliminate the reservoir (29, 30, 43) . Additionally, clonal expansion of infected cells also explains why the HIV DNA levels, persistent low-level viremia, and, in all probability, the size of the reservoir, decays only very slowly after the first few years of successful ART (20, 21) . Even if, over time, some infected cells die (including cells in clones), the replication of infected cells, in particular those that carry infectious proviruses, is sufficient to maintain the level of HIV DNA, and the reservoir. Thus, it is clonal expansion, which can be driven by antigen recognition and/or homeostatic stimulation, that causes HIV-infected cells to persist, including cells carrying intact infectious proviruses.
Second, eliminating the reservoir is not a problem of blocking viral replication, but is rather a problem of eliminating all the infected cells that carry infectious proviruses, at least some of which have clonally expanded. It is likely that the forces which drove the clonal expansion in the first place will still be present following the administration of a curative therapy, such as "kick and kill" (44) . Even if a strategy is found that activates the expression of all of the infectious proviruses in the cells of a particular clone, leading to the elimination of that clone, it is not clear that such a strategy would be able to successfully activate all of the infectious proviruses that are in all of the different clones of expanded cells. The observation that the predominant virus that arises following ex vivo activation of latently infected cells is often genetically distinct from that which rebounds following ART interruption (45) implies that we still have much to learn about the regulation of expression in vivo before such a strategy can be put into place.
Finally, our data point to the magnitude of the problem of eliminating all the intact, infectious proviruses that comprise the HIV reservoir. On average, infected individuals on suppressive ART have been reported to have about 1 provirus per 2,000 PBMCs (35). Our results, based on both the viral DNA level and the integration site data, are similar, corresponding to about 10 million proviruses in the blood and about half a billion proviruses in the whole body. Although most of these proviruses are defective, current estimates suggest that, in those on long-term ART, the intact, infectious proviruses represent a few percent of the total (9). This calculation suggests that an infected individual whose HIV replication is fully suppressed contains approximately 10 million cells that carry intact infectious proviruses, most likely distributed over hundreds to thousands of clones. The fact that we have previously identified a single clone of about 10 million cells that carries an infectious provirus (28) suggests that, in at least some individuals, the reservoir could be larger. Every cell that carries a fully intact provirus has the potential to release infectious virus that could rekindle the infection. Although it has been possible to eliminate large masses of tumor tissue with immunotherapy, the tumor cells that respond to immunotherapy express antigens that make it possible to target them (44) . If, as appears to be the case, most of the HIV-infected cells that carry intact proviruses do not express viral RNA or proteins, eliminating the HIV-infected cells that carry fully intact proviruses will require a strategy that activates the expression of the proviruses in all, or almost all, of the cells that carry latent infectious proviruses or an alternative strategy that prevents any expressed virus from rekindling a systemic infection. Fiebig staging. The Fiebig stage of the donors was established using standard methods for plasma HIV RNA detection, soluble plasma p24 detection, screening using EIA for HIV antibodies (third or fourth generation tests), and Western blot as described by Fiebig et al. (34) .
Methods
Quantification of plasma HIV-1 RNA. Plasma HIV-1 RNA measurements were performed using the FDA-approved Abbott HIV Real-time Assay on the M2000 instrument (LOD 40 copies/mL plasma), version 2 Quantiplex HIV RNA bDNA version 2 (LOD 500 copy/mL plasma), version 3 Quantiplex HIV RNA bDNA (LOD 50 copies/mL plasma), or Roche HIV Monitor ultrasensitive version 1.5 (LOD 50 copies/mL).
Measurements of HIV DNA. Total HIV-1 DNA in PBMCs was quantified as previously reported (46) . Briefly, total nucleic acid was isolated from 2.5 million PBMCs using proteinase K/guanidinium HCl/ guanidinium thiocyanate lysis and isopropanol precipitation. The amplification target is in the 3′ end of pol. The LOD for HIV-1 DNA was 1 copy per reaction, as determined by limiting-dilution analysis of DNA standards. Seven hundred nanograms of DNA was used for each qPCR reaction. The number of cell equivalents was estimated by qPCR amplification of CCR5 according to a published protocol (47) and was used to normalize the levels of HIV-1 DNA.
Single-genome sequencing. SGS was performed on the P6-PR-RT region of the genome as previously described (4, 48) . PBMC DNA was extracted using the methods described in Van Zyl et al. (7) . Clustal W alignments and neighbor-joining phylogenetic analyses were performed using MEGA 6 (https://www.megasoftware.net/).
Integration site assay. Integration site analysis was performed as previously described (25) . Briefly, DNA was isolated from PBMCs of infected donors. Genomic DNA was fragmented by random shearing into 300-to 500-bp fragments. Linker-mediated nested PCR was performed to amplify the human and linked HIV sequences from both the 5′ and 3′ LTRs. Paired-end sequencing was carried out using the MiSeq 2 × 150 bp paired-end kit (Illumina). The sequences of the host-virus junctions and the host DNA breakpoints were determined. The host DNA sequences were then mapped to human genome (hg19) using BLAT. A stringent filter for mispriming and other possible artifacts was included in the pipeline used to check quality of recovered integration sites.
Identifying clones of infected cells in pre-ART samples. Most of the previous analysis of the clonal expansion of HIV-infected cells involved the analysis of samples taken from individuals who had been on successful ART for years. In samples taken from donors who were on long-term ART, when we obtained exactly the same integration site twice (with different breakpoints), it was taken as evidence that the cells had clonally expanded. This conclusion followed from the absence, in the donors we were studying (who were on successful ART), of newly infected cells. It is formally possible that there were, in some of the samples from individuals on ART, single infected cells in S, G2, or M that contained 2 copies of a provirus that was present only once when the cells were in G1. However, if there are any infected cells that are dividing after years of successful ART, it is quite likely that these cells are part of a clone. The situation is different in an untreated HIV-infected human, in which there are large numbers of newly infected cells that will live only for 1 or 2 days. HIV preferentially infects activated T cells. It is likely that some of the newly infected cells will replicate their DNA but die before they can divide, much less form a clone. As such, finding the same integration site twice in a single sample from an untreated donor is not sufficient to determine that the infected cell was part of an expanded clone. We use 2 criteria to identify clones in samples taken from untreated humans: (a) the integration site was isolated 3 or more times in a single integration site assay (with different breakpoints); and (b) the integration site was seen in 2 (or more) independent assays, either done with cells taken at the same time, or at different times, either before, or after, the initiation of ART. For samples taken from donors on ART, the isolation of the same integration site twice is still considered to be evidence that there is an infected clone of cells in the sample.
Calculation of the likelihood of detecting a clone by integration site analysis relative to the number of cells in the clone in the patient. On average, an HIV-infected individual on therapy has about 1 provirus per 1,000 CD4 + T cells. Given a total of about 1 × 10 10 CD4 + T cells in blood, and nearly 1 × 10 12 cells in the whole body, this implies that there are roughly 1 × 10 9 infected cells if the CD4 + T cell count is near normal, and substantially less if the count is lower. Some of the infected cells will have clonally expanded and the cells in each infected clone will have a provirus with an identical integration site. We want to know the probability, if we sample the population N times, that we can detect a clone of a particular size. We performed a calculation based on the suppositions that we obtained a total of 100 integration sites, 500 sites, 1,000 sites, etc., from an infected individual. Given a population of 1 × 10 8 total cells, if we start with the case in which we obtained 1,000 integration sites, and if we have a clone that comprises 1 × 10 5 cells, the expected number of times we would obtain the integration site for the clone would be 1. To detect a clone in a patient on ART, we need to see the integration site for the clone of interest at least twice. We can use the Poisson distribution to get the probability of obtaining the same integration site 2 (or more) times. The probability is the sum of the Poisson values (based on an average of 1) for which the number of positives was greater than or equal to 2, or, more simply, 1 minus the sum of the Poisson expectations for 0 and 1 (Supplemental Table 3 ).
Statistics. In the comparisons between different groups of individuals of the number of identified clones relative to the number of observed integration sites, the data can be presented in a 2 × 2 contingency table. The rows would represent the number of clones and insertion sites and the columns the different groups. As such, the significance of the relative difference in the fraction of clones for the 2 groups was determined using Fisher's exact test. Although the original Fisher's test was a 1-tail test (49), current implementations (such as in R) have converted this to a 2-tailed test based on the probability that the odds ratio is 1 (50). Therefore, all P values presented here are 2-tailed values, with one exception. When the difference between the fractions of clones before ART and on ART were compared for a single group, it was clear that the fraction was higher on ART. Therefore, the significance of this difference was determined using a 1-tailed binomial test. All statistical analyses were preformed either on an isolated single group or pair of groups. Because each group, or each pair of groups, was examined independently, no correction for multiple comparisons was used. We determined whether each specific difference was significant, not whether any difference was significant.
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